In the heart, coupling between excitation of the surface membrane and activation of contractile apparatus is mediated by Ca released from the sarcoplasmic reticulum (SR). Several components of Ca machinery are perfectly arranged within the SR network and the T-tubular system to generate a regular Ca cycling and thereby rhythmic beating activity of the heart. Among these components, ryanodine receptor (RyR) and SR Ca ATPase (SERCA) complexes play a particularly important role and their dysfunction largely underlies abnormal Ca homeostasis in diseased hearts such as in heart failure. The abnormalities in Ca regulation occur at practically all main steps of Ca cycling in the failing heart, including activation and termination of SR Ca release, diastolic SR Ca leak, and SR Ca uptake. The contributions of these different mechanisms to depressed contractile function and enhanced arrhythmogenesis may vary in different HF models. This brief review will therefore focus on modifications in RyR and SERCA structure that occur in the failing heart and how these molecular modifications affect SR Ca regulation and excitation-contraction coupling.
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Sarcoplasmic reticulum Ca handling in the heart
In the heart, excitation-contraction coupling (ECC) relies on well-controlled intracellular Ca cycling. Playing a particularly important role in this cycle is the sarcoplasmic reticulum (SR). The cardiac SR is equipped with Ca handling machinery, which is perfectly designed to regularly repeat two main steps of the Ca cycle, Ca release and uptake, over billions of times during the entire lifespan.
Activation of CICR
The SR Ca release predominantly occurs at subcellular microdomains called dyads. In these domains, L-type Ca channels (LTCCs) in the membrane of the T-tubules come into close contact with a cluster of~20-100 ryanodine receptors (RyR) at the junction of the SR. During ECC, these RyR clusters are activated by a relatively small Ca influx via LTCCs (Fig. 1a) . This process, first described by Fabiato in 1983 [23] , is known as Ca-induced Ca release (CICR). The activation of a single RyR cluster generates a local increase in cytosolic Ca ([Ca] i ) or Ca spark [18] . The spatio-temporal summation of thousands of Ca sparks during an action potential (AP) produces the global Ca transient that initiates contraction. The dyadic organization of ventricular myocytes provides the necessary local control of SR Ca release by LTCCs [95] . As a result, the amplitude of the global Ca transient can be gradually adjusted by recruiting varying amounts of RyR clusters.
Termination of CICR
Since the discovery of CICR, the question of what causes SR Ca release to stop has attracted a great deal of attention. Several mechanisms have been proposed to explain CICR termination including cytosolic Ca-dependent inactivation, luminal SR Ca-dependent deactivation, adaptation and stochastic attrition [96] . Originally, it was thought that an increase in [Ca] 54, 79] . Therefore, it seems that CICR termination is mediated by the interaction of Ca with several binding sites located on both sides of the RyR.
Refractoriness of CICR
For the maintenance of normal heart function, restraining mechanisms must exist to prevent the occurrence of spontaneous cell-wide SR Ca release events during diastole (i.e., Ca waves) and thereby after-contractions (Fig. 1a) . One possible explanation why spontaneous Ca waves do not normally happen during diastole involves regulation of the RyR activity by [Ca] SR . It has been suggested that [Ca] SR must reach a certain threshold level before spontaneous Ca waves can occur (the mechanism was called storeoverload-induced Ca release or SOICR) [44, 102] . However, recent direct measurements of [Ca] SR dynamics during global Ca transients suggested that this mechanism by itself is not sufficient to trigger Ca waves, even under conditions where the RyR sensitivity to Ca is increased [10] . It was shown that the refilling of the SR after Ca release occurs quickly, reaching the pre-release level long before the initiation of spontaneous Ca waves. Although exact molecular mechanisms of refractoriness of CICR remain undetermined, it is plausible that the initial drop in [Ca] SR causes allosteric changes in the RyR complex that evoke a protracted shift in the RyR sensitivity to luminal and cytosolic [Ca] , making channels less available for activation. [88, 115] (Fig. 1a) . SR Ca uptake (discussed below) and diastolic Ca leak together determine SR Ca load and, therefore, the amplitude of Ca transients that initiate contraction. At normal physiological conditions, the steep leak-load relationship [88, 115] serves as an important protective mechanism against pro-arrhythmic SR Ca overload. When [Ca] SR approaches a dangerous level, increased SR Ca leak will partially discharge the SR, limiting SR Ca overload [14, 21] . However, in pathological conditions associated with increased RyR activity, Ca leak can reach a critical point when the released Ca during spontaneous sparks diffuses to neighboring release clusters, triggers CICR, and generates diastolic Ca waves. By activating the electrogenic Na-Ca exchanger (NCX), spontaneous Ca waves can generate delayed afterdepolarizations (DADs), an effective trigger of cardiac arrhythmias [80] .
RyR complex
The type-2 RyR is not only the major SR Ca release channel but also a giant scaffolding protein on which several regulatory proteins and enzymes are concentrated. On the cytosolic side, RyR interacts with calmodulin (CaM), FK-506 binding proteins (FKBP), and sorcin. It has been shown that FKBP12.6 can affect the RyR by stabilizing the interaction between the channel subunits [66] , whereas CaM and sorcin affect the channel activity via Ca-dependent mechanisms [4, 25] . The RyR also forms complex with two major protein kinases (protein kinase A [PKA] and Ca/Calmodulindependent kinase type II [CaMKII] ) and three phosphatases (PP1, PP2A and PP2B), indicating the importance of RyR phosphorylation [12, 63] . So far, three functionally relevant RyR phosphorylation sites have been identified, including two PKA sites Ser-2808 and Ser-2030 and one (CaMKII) site Ser-2814. Two SR-membrane proteins, junctin and triadin, are believed to be crucial for the RyR's ability to sense changes in [Ca] SR via interactions with calsequestrin (CASQ) [37] and histidine-rich Ca-binding proteins (HRC) [76] . In addition, RyR has multiple sites for regulation by Ca, Mg, ATP, and redox active compounds.
SR Ca uptake and SERCA complex
For relaxation to occur, not only CICR must terminate, but a main portion of Ca should be pumped from the cytosol back into the SR (Fig. 1a) . This function is achieved by the SR Ca ATPase (SERCA). SERCA2a isoform is one of most abundant proteins in the cardiac SR, indicating a key role of this Ca transporter. Although SERCA interacts with a wide array of proteins (including HRC, PP1, calreticulin, S100A, and sarcolipin), phospholamban (PLB) is the most important regulator of the pump activity [50] . At the unphosphorylated state, PLB inhibits SERCA activity by lowering the apparent affinity of the pump for Ca. Phosphorylation of PLB at Ser-16 by PKA [90] relieves this inhibition, increasing the pumping rate by several folds. Stimulation of SR Ca uptake by PLB phosphorylation appears to be the major mechanism of acceleration of relaxation (lusitropic effect) during β-adrenergic receptor stimulation. SERCA activity can be also increased via PLB phosphorylation by CaMKII at Thr-17 [90] . This mechanism has been suggested to be responsible for a stimulation frequency-dependent acceleration of SR Ca uptake. In addition to the PLB regulation, SERCA is highly sensitive to changes in the metabolic status of the cytosol, including the ATP/ADP ratio, pH and the redox potential.
Although some mechanisms of SR Ca handling are not completely understood, it becomes increasingly clear that normal heart function highly relies on synchronized SR Ca release with robust termination, well-balanced diastolic SR Ca leak, and effective SR Ca uptake (Fig. 1a) . Just as the tightly controlled RyR and SERCA function play essential roles in Ca homeostasis of the healthy heart, defects in this control cause abnormality in contractile function and promote cardiac arrhythmia in the failing heart.
Alteration of sarcoplasmic reticulum Ca handling in HF
Although factors that cause HF may vary (myocardial infarction, changes in neurohumoral tone and pacing rate), decreased ability of the SR to retain Ca seems to be a consistent finding that can explain depressed contraction of the failing heart. This SR Ca mishandling occurs as a result of an alteration in expression and/or activity of several Ca transporters, including SERCA and RyR. Moreover, the alteration of cardiomyocyte architecture has been suggested playing an important role in the abnormality of SR Ca release in failing myocytes. The relative contributions of these different mechanisms may vary in different models of HF and with different degrees of severity of failure.
Diminished fidelity of CICR activation in HF
It appears that depressed AP-induced Ca transient in HF is a result of decreased fidelity of LTCC-RyR coupling, leading to less synchronized SR Ca release [31] . It has been suggested that on the subcellular level some RyR clusters have a delayed response to the stimulus due to downregulation of LTCC current [40, 58] . HF myocytes is also characterized by substantial loss of T-tubules [3, 19, 40, 60, 61, 93] possibly due to reduction in levels of junctophilins [104] , proteins that tether junctional SR to T-tubules for precise positioning of LTCCs and RyR clusters within a 30-100 nm space [27] (Fig. 1b) . This could further decrease the ability of RyR clusters to properly and timely respond to activation by LTCCs, providing an additional basis for unsynchronized SR Ca release and depressed AP-induced Ca transients in HF (Fig. 1b) . Furthermore, numerous publications demonstrated a reduction of RyR expression at the mRNA and protein levels in HF [1, 2, 15, 30, 51, 92, 109] (but some studies demonstrate no change [3, 31, 43] ). It is unclear, however, whether the reduction in RyR levels by itself can contribute to the diminished SR Ca release in HF. It seems that the exact contribution by each of these different mechanisms depends on specific causes and stages of HF. Nevertheless, the loss of strict dyadic organization resulting in diminished fidelity of LTCC-RyR coupling is considered to be one of the main reasons for depressed AP-induced Ca transients in HF. The diminished LTCC-RyR coupling may also promote Ca alternans [17] . These beat-to-beat variations of Ca transient amplitude evoke alternations in the AP duration at the cellular level, promoting electrical disbalance in the whole heart and thereby providing a substrate for cardiac arrhythmia.
Depressed SR Ca uptake in HF
Although several recent studies showed no change in SERCA function in intact as well as in permeabilized HF myocytes [7, 9] , a large number of publications indicated a reduction of SR Ca uptake in HF [20, 43, 74, 81, 85] (Fig. 1b) . Moreover, most studies of HF myocytes showed that the decrease in Ca transient amplitude was accompanied by diminished SR Ca content [41, 43, 57, 72, 73] (Fig. 1b) . Based on these results, it has been suggested that defective SR Ca uptake is one of the primary causes of depressed SR Ca release and contraction in HF. Decreased SR Ca uptake can also contribute to an increase in diastolic [Ca] i (Fig. 1b) . In addition, recent experimental and modeling studies also implicated a reduced SERCAmediated SR Ca uptake in enhanced propensity for Cadependent alternans and thus cardiac arrhythmias [6, 105] . Therefore, reduction in SERCA activity can cause the impairment of both systolic and diastolic function in the failing myocardium. As a result, overexpression of the SERCA pump or phospho-mimetic PLB can stabilize the SR Ca load and improve cardiac function in animal HF models (for review, see [59] ). Recent phase 2 clinical trials, conducted in patients with advanced HF, showed promising results when increasing SERCA expression using adeno-associated viral gene transfer [116] . Currently, a continuation of these trials is underway using a larger patient sample size. However, it should be noted that restoring the SERCA activity in HF is not always beneficial. For example, augmentation of SR Ca uptake due to PLB ablation or SERCA overexpression can potentially promote development of HF in mice with enhanced RyR function [46, 112] , suggesting that in certain conditions the benefit of accelerated SR Ca uptake can be limited by exacerbated RyRmediated Ca leak.
Impaired CICR termination and refractoriness in HF
It has been suggested that depleted SR Ca load in HF myocytes would reduce Ca transient even more dramatically if it were not compensated for by an increase in RyR activity [22, 32, 51, 99] . It appears that during the early stages of HF, sensitization of the RyR allows myocytes to maintain Ca transients of nearly normal amplitude by shifting threshold of SR Ca release termination to lower [Ca] SR levels (Fig. 1b) , despite the diminished SR Ca content [9, 22] . However, in later stages of HF, abnormally high activity of RyRs due to increased sensitivity to [Ca] SR may lead to shortened refractoriness of SR Ca release during diastole (Fig. 1b) . Premature reopening of RyRs can slow relaxation, exacerbate reduction of SR Ca content, and promote generation of spontaneous Ca sparks which can ignite arrhythmogenic Ca waves [9, 10] contributing to diastolic and systolic dysfunction of HF. Indeed, a growing body of evidence indicates that RyRmediated Ca leak due to shortened refractoriness is significantly increased in HF [1, 7, 65, 89, 99, 109, 115] (Fig. 1b) . Augmentation of SR Ca leak is one of the earliest alterations of Ca handling during the progression of HF that precedes changes in the amplitude of the Ca transient [9] . Increased RyRmediated Ca leak, besides contributing to a reduction of SR Ca content, can promote Ca-dependent arrhythmias. This also implies that during diastole SERCA cannot achieve its maximal thermodynamic efficiency and more ATP must be consumed to balance the increased SR Ca leak. Thus, SR Ca leak is energetically costly, particularly in the metabolically compromised failing heart.
Molecular basis of RyR dysfunction in HF
The RyR in HF myocytes is characterized by defective interactions between regulatory domains and/or dissociation of several important proteins from the RyR complex. Moreover, the RyR becomes more phosphorylated and oxidized. These modifications of the RyR have been suggested contributing to SR Ca mishandling, contractile dysfunction, and arrhythmias of the failing heart.
Rearrangements of the RyR complex in HF
Increased activity of the RyR in HF has been attributed to increased sensitivity to [Ca] SR [51] . This defect can be caused by chronic dissociation of several auxiliary proteins (junctin, triadin and CASQ) that form the luminal Ca sensor of the RyR [36] . Although the total level of CASQ does not change in HF [32, 51, 85] , it has been suggested that abnormal posttranslational processing of CASQ can cause its defective trafficking [48] . This can potentially lead to a local depletion of CASQ in the junctional SR. Additionally, the levels of triadin and junctin were reported as being dramatically reduced in human end stage HF [29] .
It has been proposed that FKBP12.6 binds to the cytosolic domain of RyR to stabilize the interaction among RyR subunits [15, 64] or between neighboring tetramers [64, 66] . It has been shown that during HF, chronic RyR phosphorylation by PKA causes dissociation of FKBP12.6 from the channel. This alteration in RyR structure leads to an increase in the channel activity [65, 109] . Moreover, it has been suggested that FKBP12.6 is also responsible for stabilizing intra-domain interactions within the RyR subunit. In healthy hearts, zipping between N-terminal and central domains keeps the RyR in the closed state [42] . During HF, dissociation of FKBP12.6 from the channel causes domain unzipping and SR Ca leak [70, 110] . However, despite many years of research, there is still controversy about the functional role of FKBP12.6 and PKA-mediated RyR phosphorylation [33, 106] .
Additionally, it has been shown that a defective interdomain interaction in the RyR from the failing heart can lead to dissociation of CaM from the complex [1, 71] , which may affect RyR function [108] .
RyR phosphorylation in HF
The phosphorylation state of the RyR is regulated by the balanced activities of kinases (PKA and CaMKII), phosphatases (PP1, PP2A and PP2B) and phosphodiesterase (4D3), all of which are bound to the channel [5, 12, 55, 63] . In many animal HF models and human HF, activity and expression of CaMKII are increased [1, 94] . However, this does not always translate into increased levels of CaMKII in the complex with the RyR [8, 65] . On the other hand, several groups have suggested that an increased level of RyR phosphorylation in HF can be explained by decreased levels of phosphatases PP1 and PP2A [1, 8, 65] and phosphodiesterase 4D3 [55] associated with the RyR. Functional consequences of RyR phosphorylation have been recently summarized in several reviews [28, 69] . Despite a major collective effort, the role of PKAdependent phosphorylation in modulation of RyR function in normal and failing hearts remains a subject of heated debate [13, 101] . Studies from different laboratories have yielded conflicting results regarding the role of RyR phosphorylation at Ser-2808 in the progression of HF, which ranged from having an essential role [65, 70, 87, 103 ] to having only a very limited function [8, 11, 43, 113] . In contrast, increased RyR activity due to enhanced phosphorylation of RyR at CaMKII site Ser-2814 appears to be a more consistent finding. Phosphorylation of RyR at the CaMKII site has been demonstrated in numerous (but not all [52] ) HF models, and CaMKII inhibition was shown to attenuate abnormalities in Ca handling in myocytes from HF [1, 9, 77, 94, 111] .
RyR oxidation in HF
Modulation of RyR activity by reactive oxygen species (ROS) in HF has been suggested to play an important role in the observed abnormality in Ca regulation [68, 99] . In the healthy heart, the RyR subunit contains~21 cysteines that are in the reduced state [107] . During development of HF, the number of free thiols is dramatically decreased. Incubation of HF myocytes with ROS scavengers and antioxidants was able, to a large degree, to restore Ca transient amplitude and reduce RyR-mediated SR Ca leak [9] . It has also been suggested that normalization of redox status of RyRs from failing hearts reverses inter-domain unzipping, thereby stabilizing RyR function [68] . Although HF is commonly seen as a state of oxidative stress, effective antioxidant strategies for treatment of HF symptoms have been so far a complete failure [62, 78] . The major limitation to general antioxidant therapies is the inability to target ROS at distinct organelles. Thus, identifying sources of ROS production in HF myocytes will help to design a more beneficial approach that can prevent oxidative stress locally.
Mechanism of SERCA dysfunction in HF
Alteration of the SERCA/PLB complex in HF Downregulation of SERCA2a at the mRNA and protein levels has been shown in numerous studies of HF [2, 20, 26, 38, 43, 49, 67, 72, 97] . All these studies highlight the critical role of SERCA in abnormal Ca homeostasis and contractile dysfunction of HF. However, there are several publications that did not report any alteration in the SERCA expression level in human HF [56, [82] [83] [84] and animal HF models [51, 75] . Moreover, it has been shown that HF is also associated with a decrease in the PLB expression level [2, 43, 72] , but to a lesser degree than SERCA [39, 49, 67] . The decreased SERCA-PLB ratio can lead to inhibition of SR Ca uptake in HF, because an increased fraction of SERCA would be inhibited by PLB binding. On the contrary, the level of PLB remains unchanged in HF models characterized by an unchanged SERCA level [1, 51, 56, 82, 83] .
In addition, the diminished SR Ca uptake in HF can be a result of post-translational modifications of the SERCA/PLB complex. It has been shown that the responsiveness of SERCA to activation by PKA was significantly decreased in the failing heart compared to non-failing myocardium [82] . As a result, the PLB phosphorylation level at the PKA-specific site was significantly decreased in HF. Several studies associated diminished SERCA activity in HF with decreased phosphorylation of PLB at both PKA and CaMKII sites [84, 85] . Conversely, Currie and Smith [20] demonstrated that PLB phosphorylation was increased in a rabbit HF model. Decreased SR Ca uptake in the failing heart was explained by downregulation of the SERCA expression level. Another study showed that the PLB phosphorylation level was increased at the CaMKII site but was decreased at the PKA site [1] . The authors suggested that the overall PLB phosphorylation level in HF would have only a minor effect on SERCA activity.
There is only very limited information regarding posttranslational modifications of the SERCA protein in HF. It has been reported that the contractile dysfunction in Gαq-induced cardiomyopathy was mediated by inhibition of SERCA activity via oxidation of cysteine residue(s) on the pump [53] . Another study has shown that the depressed SR Ca uptake of failing myocytes is associated with dissociation of the small ubiquitin-related modifier 1 (SUMO1) from SERCA [47] . It has been suggested that restoring the sumoylation level of SERCA can stabilize the pump structure and improve SR Ca uptake in mouse and human failing hearts.
Conclusion and perspective
Heart failure remains a major health problem of the western world. Essential to designing new therapeutic approaches for treating HF symptoms is a better understanding of the molecular mechanisms of this pathogenesis. Over the last two decades, significant progress has been made in this direction. Numerous studies demonstrate that abnormal SR Ca handling in HF myocytes is the primary defect that causes contractile dysfunction and promotes arrhythmogenesis. It becomes clear that functional impairment of two major Ca regulatory systems, the RyR and the SERCA complexes, contributes in great degree to aberrant SR Ca homeostasis. Although it has not yet been systematically explored, the degree of RyR or SERCA malfunctions in SR Ca mishandling has been shown to be dependent on the stage and etiology of HF. For example, study of myocardium from human patients with HF revealed distinct differences in SR Ca handling between dilated cardiomyopathy (DCM) and ischemic cardiomyopathy (ICM) [86] . The abnormal Ca homeostasis in ICM is primarily due to impaired SR Ca uptake, whereas in DCM dysfunctional SR Ca release is the major contributor in Ca mishandling. Therefore, the development of etiology or stage-specific therapeutic strategies that target the particular malfunctioning component of SR Ca homeostasis remains the highest priority. 
